Abstract. Mooring measurements at 0 ø, 165øE, for the period November 1988 to August 1991 indicate that surface layer structure was characterized by two distinct climatic regimes associated with dramatic differences in large-scale atmospheric and oceanic conditions. La Nifia conditions existed from November 1988 to November 1989, during which time the easterly trades were strong, Ekman divergence and upwelling were pronounced, surface velocity was strongly westward, and rainfall was low. The surface layer was cold, salty and well mixed down to 100-m depth, with density variations controlled primarily by temperature. In contrast, from November 1989 to August 1991, the zonal winds were on average westerly and punctuated by frequent westerly wind bursts, the surface currents reversed and flowed eastward in the upper 50 m, and rainfall was high. Compared to the La Nifia period, the surface layer was warmer and fresher, and the density mixed layer was shallower than the isothermal layer owing 
Introduction
The world's highest open ocean sea surface temperatures (SST) are found in the western equatorial Pacific. Deep atmospheric convection is associated with the "warm pool," producing a corresponding maximum in global oceanic rainfall. The nature of the complex air-sea interactions that occur in the region because of these features is important for the understanding and prediction of global climate variability. This has been a significant focus of attention during the decade-long Tropical Ocean Global Atmosphere (TOGA) program and in particular of the international TOGA Coupled Ocean Atmosphere Response Experiment undertaken during 1991-1994 [Webster and Lukas, 1992] .
The purpose of this paper is to examine the variability in surface layer hydrography of the western equatorial Pacific on daily to interannual time scales for the period November 1988 to August 1991. The emphasis is on moored time series measurements from 0 ø, 165øE. The mooring is part of the TOGA observing array and is located in the warm-pool region.
The upper ocean structure in the western equatorial Pacific is particularly interesting, as previous observations have revealed substantial salinity stratification resulting in a shallower mixed layer occurring within a deeper, nearly isothermal layer [Lukas and Lindstrom, 1991 In section 2 we briefly describe the mooring measurements and additional data set• used in the study. In section 3 we show that our study period encompassed two distinct climatic regimes in the western equatorial Pacific. The first regime (November 1988 to November 1989) coincided with a La Nifia and was characterized by unusually high Southern Oscillation Index (SOI) values, cold SSTs, high surface layer salinities, strong easterly trade winds, and low precipitation in the western equatorial Pacific. The second regime (November 1989 to August 1991) was characterized by low SOI values, high SSTs, low surface layer salinities, westerly surface winds, and high precipitation. The surface layer hydrography is discussed in section 4, first in regard to the relationship between temperature and salinity and their relative control of the surface layer density structure within the two climatic regimes and second in regard to the time evolution of the barrier layer. Variability in upper ocean thermodynamics in response to surface wind forcing and current fluctuations are analyzed in section 5. We conclude in section 6 with a general discussion of the air-sea interaction scenarios which are likely to have existed in the western equatorial Pacific during the two different climatic regimes.
The Data

The Mooring Data
The primary data used in this study are moored time series measurements of currents, temperature, salinity, and wind collected at 0 ø, 165øE for the period November 1988 to August 1991.
Wind velocity was measured on the surface toroid at a height of 4 m above mean sea level by a vector averaging For this analysis all variables were processed to daily averages. In the case of density, mixed-layer and isothermallayer depths, wind speed, wind stress, and wind work, computations were made using the higher frequency data before averaging to the daily means. 
Equatorial Pacific
Over the 3-year record of this study, there appear to be two distinct regimes in the western equatorial Pacific distinguishable by dramatic differences in both atmospheric and oceanic conditions. 225.
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where/3 = 0 p/OS, a = 0 p/O T, and higher-order terms have been neglected. In the limit where salinity controls the density field, the cross correlation between/5S and/Sp (= p -P0) would be close to unity (high salinity • high density).
The slope of the linear regression curve between the two variables would be the haline contraction coefficient /3. Conversely, in the limit where temperature controls the density field, the cross correlation between/ST and/Sp would be -1 (low temperature • high density), and the slope of the regression would be equal to the thermal expansion coefficient a.
The orthogonal regressions for the detrended and demeaned daily data of density and salinity and density and temperature for the period November 1988 to November 1989 are shown as a function of depth in Figure 8a . While there is significant correlation between density and salinity There is also a similarity of the regression slope and a at the 11-and 30-m depths, but the correlation of temperature and density at these depths is not significant. Hence for the period November 1989 to August 1991, salinity is the controlling factor in the density structure of the upper layer, while in the thermocline region the density structure is more strongly influenced by temperature.
The Barrier Layer
During the period November 1989 to August 1991, a systematic difference developed between the depth of the isohaline and the isothermal layer, as is evident in the mean profiles of temperature and salinity shown in Figure 7 . This implies the presence of a barrier layer whose existence in the western Pacific warm pool has been demonstrated previously in several publications mentioned in the introduction. These studies suggest that the spatial extent of the barrier layer in the equatorial Pacific may be quite significant. However, little is known about the temporal persistence of the barrier layer. By the nature of the high temporal resolution of the salinity and temperature mooring data used in the present study, it is possible to determine the temporal scales of variability of the barrier layer phenomenon.
First, we must address the issue of whether the thickness of the barrier layer can be accurately defined with the vertical resolution of the mooring data at 0 ø, 165øE. This is possible through a comparison of the SEACAT data with the nearest available CTD casts in time and space. As with the CTD-SEACAT calibration study outlined in section 2, the differences in location and sampling of the CTD and SEACAT data corresponded to generally <5 nautical miles in space and <60 min in time.
Determination of the mixed-layer depth (mid) is based on the density criterion of Sprintall and Tomczak [1992] . This method finds the depth at which
O't(Z = mld)= o't(z = O) -{-Oo't/OT AT (2)
The expansion coefficient Orrt/OT is calculated from the surface values of temperature and salinity, while A T is the desired/specified temperature change in the surface layer.
The isothermal layer depth (ild) is calculated to be the depth of the isotherm at which T(z = ild) = SST-AT (3)
For the same given AT, (2) and (3) will produce equivalent depths if the salinity stratification is negligible. For this study we have selected a AT of 0.5øC, this interval being a most popular choice in the literature of net temperature decrease in surface layer estimations [e.g., Levitus, 1982] . The calculations of (2) and (3) were also carried out for AT = 0.25øC, obviously resulting in shallower mixed-layer and isothermal depths. However, none of the results presented in this section depend critically on the values of AT between 0.25 ø and 0.5øC.
Comparison of the SEACAT and CTD mean mixed-layer depth calculated from (2) and the mean isothermal depth calculated from (3) are shown in Table 2 (5) we can obtain an estimate of the entrainment velocity We. From November 1988 to November 1989, the barrier layer is absent, and there is no difference between the mixed-layer depth and the isothermal depth; hence Oh/Ot in (5) is equivalent to the time rate of change of the isothermal layer depth. The time series of isothermal layer depth is estimated for November 1988 to November 1989 using the combined set of SEACAT and SeaData temperature recorders. The cross correlation between We and O(SST)/Ot is significant (r = 0.22) at the 95% confidence level. The sign of the correlation implies that the sea surface tends to cool during periods of entrainment (We > 0) and tends to warm when entrainment is shut off (We < 0). This relationship is consistent with that found above between O T/Ot and the zonal pseudostress and supports the importance of Ekman-induced upwelling in cooling the surface layer during the La Nifia period.
For salinity, OS/Ot at 11 m is negatively correlated with zonal pseudostress during November 1988 to November 1989 (Figure 1 l a) , indicating that for periods of easterly (westerly) winds relative to the mean, salinity rises (falls). This is consistent with variations in surface salinity responding to variations in vertical advection and entrainment of high-salinity water from the thermocline as suggested in Figure 6a . Enhanced evaporation or reduced rainfall, associated with periods of stronger than normal easterly wind speeds, probably also contributes to increases in surface salinity. There is no significant correlation between the zonal pseudostress and salinity variation below the surface layer.
During the period November 1989 to August 1991, the cross correlations between OT/Ot and the local zonal pseudostress (Figure 11 b) As for the La Nifia period, we can again estimate the entrainment velocity w e through (5) and (6). In this case we estimated O h/Ot using density rather than temperature because of the presence of the barrier layer. The cross correlation between We and 0(SST)/0 t is not significant at the 95% We further explore the variability in mixed-layer depth, isothermal-layer depth, and the barrier layer thickness by computing cross correlations with SST, GPCP pentad rainfall estimates, and various wind constructs for November 1989 to August 1991 (Table 3) . Both SST and the wind constructs of zonal pseudostress, wind work, and wind speed are significantly correlated with changes in the mixedlayer depth and the isothermal-layer depth. The signs and lags of the correlations indicate that westerly (easterly) winds are followed 3-4 days later by a relatively deep (shallow) mixed-layer depth and isothermal depth. This is consistent with zonal wind-driven Ekman convergence leading to changes in the depth of these layers. Ignoring zonal variations for simplicity, mass continuity would imply that Oh/Ot -H(Ov/Oy), where the meridional Ekman flow (v) over the mean mixed-layer depth (H) would be in phase with the zonal wind stress. Thus it is expected that variations in zonal pseudostress would lead those in mixed-layer depth, and the results presented in Table 3 are consistent with this relationship. In this context we view the high cross correlation that exists between wind work and wind speed on the one hand and mixed-layer depth and isothermal-layer depth on the other hand as not physically significant. Rather, we interpret these high cross correlations as an artifact of the high correlation between these wind constructs and zonal pseudostress.
None of the cross correlations
between the wind constructs and the barrier layer were significantly nonzero at the 95% confidence level. Of particular note in this regard is the lack of significant correlation between wind work and barrier layer thickness. This lack of correlation implies that there is no erosion and no entrainment across the barrier layer in response to the westerly wind burst forcing during this period. The result is consistent with the vertical structure of the correlation between temperature and zonal pseudostress (Figure 11 b) , which changed sign at the mean depth of the barrier layer (50-80 m), and also the lack of correlation between We and O(SST)/Ot for this time period, implying an isolation of processes controlling temperature in the mixed layer and the thermocline. The mixed-layer depth and isothermal-layer depth are also significantly correlated with GPCP rainfall estimates. The sign of the correlation suggests that a deep mixed-layer is associated with high rainfall 5 days (1 pentad) earlier. This is not a relationship one would expect if buoyancy flux associated with the rainfall controlled the mixed-layer depth. It is more likely that wind-driven dynamics rather than buoyancy flux associated with rainfall determines the mixed-layer depth variability on the dominant time scales (10-25 days) of our data set and that, coincidentally, westerly (easterly) winds are correlated with high (low) rainfall rates. Indeed, we found that zonal wind pseudostress and GPCP rainfall estimates were significantly cross correlated for November 1989 to August 1991, with a coefficient of 0.45.
Lateral Advection
Results in the previous section suggest that onedimensional vertical processes are likely to affect variations in the hydrography of the surface layer at 0 ø, 165øE. We examined the potential impact of various mechanisms using physical reasoning guided by correlation analysis. However, the significantly nonzero correlations we found between surface layer water mass properties, wind constructs, and GPCP rainfall estimates were generally in the range of 0.2--0.6. Thus not all the observed variability in surface layer temperature and salinity can be accounted for by local wind- During the period November 1988 to November 1989, La Nifia conditions existed in the equatorial Pacific. The Southern Oscillation Index was high, unusually strong easterlies were evident across the basin, and the equatorial cold tongue penetrated into the western Pacific. Along 165øE, strong easterlies were associated with equatorial divergence and upwelling, a strong westward SEC, and unusually low rainfall rates (< 100 mm month -1) near the equator. The mixed layer at 0 ø, 165øE was relatively dense, cold, and salty and penetrated to 100-m depth. Under the La Nifia conditions of strong easterly trade winds and associated upwelling, no barrier layer was observed in either the mooring record or simultaneous CTD casts. Density variations in both the mixed layer and the thermocline during this period were controlled by temperature rather than salinity. With the limited data set available, we attempted to gain some insight into the processes that might account for the observed variability in surface layer temperature and salinity within these two climatic regimes. Our basic strategy was to use correlation analysis supported by physical reasoning. The analyses are necessarily incomplete and inferential; nonetheless, they provide some unique perspectives in the However, we have been able to provide insight as to the barrier layer' s influence in affecting ocean-atmosphere interaction over the warm-pool region. Our analysis emphasizes the reason for the term "barrier" with regard to the prevention of water properties being transferred vertically through mixing and entrainment. The barrier layer effectively decouples the surface layer from the deeper water and also isolates the physical processes that occur within each of these regions.
